Introduction
Evidence is presented in this report which it is believed establishes the following facts: (a) A quantitative relation exists between cell oxidation and the continuously maintained E.M.F.'s in the root of the onion, Allium cepa. (b) Equal change in oxygen concentration around different regions of the root tip produces an unequal change in E.M.F.; in this way the characteristic distribution of'E.M.F. 's per unit length of root and therefore the pattern of the correlation currents in the root are modified in a characteristic manner by change in oxygen tension. (c) The velocity of oxygen consumption per unit volume of tissue is greatest in the region of active cell division, and the velocity of oxidation in this region is also changed to a greater degree by the same change in oxygen tension than in other regions of the root tip. This fact, which appears to have an important bearing upon the nature of bioelectric currents, was previously discovered in the Obelia stem (17) . The experiments supply the connecting link in the evidence for the validity of the theory that the continuously maintained E.M.F. in a polar cell is that of a redox system maintained in state of flux equilibrium as defined elsewhere by one of us (17) .
There is a correspondence of morphological, functional, and electrical polarity along the root axis of A. cepa. In the unstimulated uninjured condition, the region of active cell division is invariably electropositive in the external circuit to more basal regions; and the distribution of potentials is in general characteristic but in detail specific for each root. For illustrations of the exact distribution of these potentials the reader is referred to the curves in the paper by LUND and KENYON (13). Under constant external conditions, spontaneous fluctuations in electric polarity occur and the distribution of E.M.F. per unit length varies from time to time (20) . The first evidence that cell respiration and electric potentials on the root are linked phenomena was furnished by LUND and KENYON (13). They found that the greatest reduction of methylene blue per unit length occurs in the region of high positive potential, where active cell division takes place, and the same region also produces more CO2 per unit length. A corresponding distribution of the concentration of sulphydryl groups per unit length has been demonstrated; the region of active cell division exhibits the most intense color when the nitroprusside test is applied (17) .
PLANT PHYSIOLOGY
The present investigation was limited to experiments on not more than 7 mm. of the distal end of the root and for the most part to 6 mm. or less. This region of 6 + mm. will be designated the "root-apex" to facilitate presentation. The occurrence of progressive cellular and tissue differentiation from primordial meristematic cells to permanent tissue is a salient feature of the polar structure of the root-apex. In roots 40 to 65 mm. in length, the root cap is not over 0.35 mm.; the region of active cell division, 1 to 1.5 mm.; and the zone of cell enlargement and cell maturation, 1 to 2 mm. Permanent tissues are present in the fifth and sixth millimeters. In recent detailed experiments performed in this laboratory by A. H. HANSZEN, it has been observed that the greatest amount of elongation takes place within the third millimeter. Although the transitional stages are not definitely delimited, the cells in the distal third (2 + mm.) of the rootapex are relatively young, those in the middle third (2 ± mm.) are approaching maturity, and those in the proximal third (2 ± mm.) are relatively old. In this paper attention will be focused upon the electrical behavior of these three regions in relation to concentration of oxygen.
Methods
Since the material used in the experiments involved only a total of 6 or 7 mm. of the root tip, and since the conditions for the experiment often demanded that oxygen or other gases be accurately applied to a root region 1 mm. in length, without mechanical stimulation and any apparent change in humidity or temperature, a new apparatus and technique was developed. This has shown itself to be an appreciable improvement over other procedures. The apparatus is susceptible of modification for particular purposes and has been found so satisfactory that a detailed description seems justified. Recent adaptations of the apparatus permit very precise procedures of manipulation and measurements on certain single cells under ideal conditions.
The electrode chamber is illustrated in figure 1 . A removable glass cover (H) fits closely to a rubber cushion (P), which is cemented to a block of bakelite (C) that serves as the floor of the chamber. The base (C) has four large and four small perforations through which connections penetrate to the outside. A rod (F) which passes through one of the large perforations in the rear is attached to a short piece of glass tubing that insulates and serves as a support for the adjustable swivel attachment (K). The onion bulb is held and protected by a paraffined cork ring which fits a hole in this attachment. The other opening (M) in the rear of the base furnishes means by which additional apparatus ( fig. 2 , B) may be inserted and connected to the outside for manipulation. Capillary tubes (T and T'), attached to electrode cups (D and D'), pass through the large open-ings in front. The four large perforations are lined by rubber finger-stalLs (N)which keep the chamber airtight and through which the movable connections penetrate. Leads from isoelectric zinc-amalgam zinc-sulphate electrodes (E and E') pass through insulated glass tubes in two of the small perforations in the base, and glass tubes (I and 0) which line the other two provide for the inlet and outlet of gases from external sources. During each experiment the chamber is lined with wet filter paper and a film of water is maintained at its base. The atmosphere of the chamber can be brought to a necessary complete water saturation and can be completely isolated from the exterior.
FIG. 1. Electrode chamber (description in text).
The connections outside of the electrode chamber are illustrated in figure 2, A. The bakelite base is firmly attached to a rack and pinion stand (T). Three micromanipulators (A, B, C), each of which has a three-way movement, provide adjustable support for the root holder (K) and the two electrode cups (D and D', fig. 1 ). These electrode cups are filled respectively from the connecting reservoirs (R1 and R2) through corresponding three-way stopcocks (S1 and S2) which are also connected to tubes for draining and washing the cups. Gases may be introduced into the electrode chamber by connecting the inlet tube (I) to the appropriate stopcock (S3). They may be stored in the reservoirs (E1 and E2) of about 75 cc. capacity which are connected to the mercury leveling cups (G1 and G,) and passed into the electrode chamber by adjusting the height of the cups, each of which is supported by a rack and pinion stand not illustrated in figure 2 ; or by appropriate manipulation of the connecting three-way stopcocks they may be-admitted directly into the electrode chamber without being stored in the reservoirs.
Gases are applied to or withheld from a specific region by means of a hollow glass jacket ( fig. 2, B) . The body of the jacket (V) consists of a short piece of glass tubing 4 mm. in length. Small glass coverslips (0) are cemented to the top and bottom and small holes (I) in each just permit passage of the root (R) without its touching the sides of the holes. Glass capillary tubes (P) sealed to two holes in the side of the jacket provide for the inlet and outlet of the gases and are attached to a glass rod (W) which serves as a support. The jacket is inserted into the electrode chamber through an opening (M, fig. 1 ) in the base and it is manipulated by an additional three-way micromanipulator not illustrated. By means of this micromanipulator and a horizontal microscope the jacket can be accurately adjusted to any position without stimulating or injuring the root. With the jacket in place around the root (1), the openings (I) at the top and bottom are sealed with a small drop of water or paraffin oil. In this way the segment of the root inclosed by the jacket is completely isolated from the atmosphere in the electrode chamber and gases can be introduced into and removed from the jacket under complete control by connecting the inlet tube of the jacket directly to the proper stopcock (S3 in fig. 2, A) . With the jacket in place, the root can be exposed to a gas by either of two methods: (1) introducing the gas directly into the jacket around a particular segment of the root and not into the electrode chamber; or (2) passing the gas into the electrode chamber and not into the jacket, which in that case is filled with moist air.
Electrode contacts are made by the small glass claw projections (K in fig. 2 rated atmosphere of the electrode chamber. These readings were continued during the following two successive periods, when (a) hydrogen was passed through the electrode chamber or the jacket, and (b) oxygen was passed through in a similar manner. Before entering the chamber or the jacket, the hydrogen and oxygen were saturated by passage through distilled water. A uniform and controlled rate of flow of each gas was maintained in all the experiments by suitable pressure gauges attached to the gas tanks. The flow of gas, as such, did not produce any visible effect on the root and did not appear to affect the E.M.F. The root tissue was in no way injured by the experimental procedure and normal growth continued when the roots were replaced in tap water.
PLANT PHYSIOLOGY
Effect on E.M.F. of the root-apex produced by change in oxygen concentration at different regions between electrode contacts 1 Figure 3 , A shows the position of the jacket and electrode contacts in a series of three duplicate experiments on roots of three different bulbs (curves 1, 2, 3). The basal grounded electrode contact (-) was made at the upper aperture of the jacket and the jacket was filled with moist air.1 The E.M.F. of the region between the electrodes was allowed to come to a constant value in air during a 10-minute period as shown in curves 1, 2, and 3, figure 3, A. Hydrogen gas saturated with water vapor was then applied to all of the root and bulb (except that segment inclosed by the jacket) through the connecting tubes (I and 0, fig. 1 ). Since the results of all the experiments were remarkably similar, even in detail, only three curves (1, 2, 3, fig. 3 , A) are presented. Each curve shows that the removal of oxygen by hydrogen around the apical 1.5 mm. of the root rapidly diminished the electric polarity of the root included between the electrodes. Curves 2 and 3 show a complete reversal of polarity. The initial large drop in potential was followed by a smaller rise, the magnitude and duration of which was specific for each root. At the end of the period in hydrogen the E.M.F. was lower than at any time when in air. Deprived of available oxygen by the exposure to hydrogen, the apical end of the root-apex did not maintain its characteristic high positive potential and consequently the electric polarity was considerably reduced in magnitude.
Replacement of hydrogen by oxygen saturated with water vapor produced an abrupt rapid increase of the E.M.F. of such great magnitude that the potential difference not only reached but very often exceeded its former value in air, exhibiting the typical rebound curve observed in experiments on frog skin and Douglas fir (15, 18) . Curves 1 and 3, figure 3 , A, illustrate the fact that the E.M.F. was often maintained at a new high level in oxygen. The effect of removal of oxygen was promptly and completely reversible.
The curves show that a definite quantitative relationship exists between cell oxidations at the apical end of the root-apex and the magnitude and orientation of electric polarity. A: Effect of (a) hydrogen, and (b) oxygen at apical end only, on total E.M.F. of root-apex. Curves 1, 2, and 3 obtained from three duplicate experiments on three different roots. Diagram A shows positions of electrode contacts and gas jacket on root-apex.
B: Effect of (a) hydrogen, and (b) oxygen at basal end only on total E.M.F. of root-apex. Curves 4, 5, 6, and 7 obtained from four duplicate experiments on four different roots. Diagram B shows positions of electrode contacts and gas jacket on. rootapex.
C: Simultaneous effect of (a) hydrogen, and (b) oxygen at both apical and basal ends of the same root-apex on total E.M.F. Curves 8, 9, and 10 obtained from three duplicate experiments on three different roots. Diagram C shows position of electrode contacts and gas jacket on root-apex.
filled jacket and 1.5 mm. at the proximal (basal) end were exposed to change in oxygen concentration. Curves 4, 5, 6, and 7, figure 3 , represent typical results and should be compared with curves 1, 2, and 3 of figure 3, A obtained under similar experimental conditions. The only essential difference is that in the two sets of experiments different ends of the root-apex were exposed to the change in oxygen concentration. A comparison of the two sets of curves reveals an unequal effect of equal change in oxygen concentration at apical and basal ends. Passing hydrogen through the electrode chamber when the basal end was exposed did not produce the marked depression of electric polarity which occurred when the apical end was similarly exposed. The electric polarity of the root-apex was never observed to become inverted by an oxygen deficit at the basal end only. Admission of oxygen to the chamber produced a relatively small rebound effect. The relatively small magnitude of this rebound effect in the basal region is comparable to the correspondingly small rebound effects observed in basal regions in the Douglas fir, when the electric polarity is changed by change in temperature (18, 19) . It should be observed that curves 1, 2, and 3 are quite uniform in appearance. This statement does not apply in the same degree to curves 4, 5, 6, and 7.
If the apical and basal ends of the same root were simultaneously exposed to (a) hydrogen and then (b) oxygen under the same conditions which obtain in the above sets of experiments, the observed unequal effect of equal change in oxygen concentration on apical and basal ends of different roots should appear. Since it has just been shown that the effect on the apical end was noticeably uniform in character and much greater in magnitude than the effect on the basal end, it would be logical to anticipate results which would give curves similar to curves 1, 2, and 3, figure 3 . A small increase in potential difference in hydrogen as shown in curves 5 and 6 and a small decrease in potential in oxygen as illustrated by curve 7 would definitely modify the characteristic form of such curves as 1, 2, and 3 because the principle of summation of cell E.M.F.'s applies in each measurement. When this procedure was followed the expected results were fully realized, as shown in curves 8, 9, and 10 of figure 3, C fig. 3, C) . Similar curves were obtained in all the experiments, each of which was obtained from a different root. Only three curves are given, curves 8, 9, and 10, figure 3 . They convincingly show the unequal effect on the E.M.F. by equal change in oxygen concentration at apical and at basal ends of the same root-apex. There is a pronounced similarity between curves 8, 9, and 10, and curves 1, 2, and 3 ( fig. 3 ). Evidently in both sets of experiments the general character of the curves can be attributed to the greater change which took place in the highly electropositive apical end. A temporary complete reversal of polarity is exhibited by curve 10. The conspicuous rebound phenomena observed in oxygen in the first set of experiments reappeared. Its modification in curve 10 may be due to a flattening effect produced by a change in an oppositely oriented E.M.F. in the basal end as exhibited by the dip in curve 7, figure 3. In this connection it is of special theoretical interest to note the uniform appearance of (a) the relatively large depression of E.MI.F. in hydrogen and (b) the conspicuous rebound phenomena in oxygen, whenever the apical end was exposed. 4 figure 3 , C, except that connections were made from the hydrogen and oxygen reservoirs (E1 and E2, fig. 2 ) to the glass jacket around the root. By careful vertical movement of the rack and pinion stand which supported the mercury in the leveling cups (G1 and G2, fig. 2 ), a constant flow of gas through the jacket was maintained at such a rate that the mechanical conditions of gas flow as such produced no effect on the E.M.F. The lengths of the apical and basal segments, which were outside of the jacket, were not equal in all the experiments; they varied from 0.8 to 1.8 mm.
Since a quantitative relationship between changes in oxygen concentration at the apical and basal ends and the E.M.F. of the root-apex was demonstrated above, and since it has been shown by MARSH (20) that the principle of summation of cell E.LF.'s applies to the first 30 mm. of the root tip, it is reasonable to expect a change in E.M.F. with change in oxygen concentration around the intervening zone ( fig. 4, D) under conditions corresponding to those which prevailed in the preceding sets of experiments. Furthermore, it is to be expected that the magnitude and direction of effect will depend not only upon the length of the intermediate exposed zone, but also upon its distance from the distal and proximal limits of the root-apex. For example, if the segments X and Y outside the jacket in figure 4, D are relatively short (i.e., 0.5-1 mm.), the magnitude of the effect would be relatively greater than if a longer region at each end were isolated, because some of the apical tissue would be in the intervening zone inclosed by the jacket, and it has already been found that greater effects are produced in the apical cells.
Curves 1, 2, and 3, figure 4, figure 4 , to curves 4 and 7, figure 3 ; but the uniformity of effect on total E.M.F., which is expressed by the relatively large decrease in potential difference in hydrogen and the relatively large increase in oxygen (with its accompanying rebound phenomenon as represented by curves 1, 2, and 3, and curves 8, 9, and 10, in figure 3) , is absent. The explanation of the apparently small effect of change in oxygen tension in this set of experiments will be evident from what follows.
Unequal effect on E.M.F. of root-apex produced by simultaneous equal change in oxygen concentration at all regions of root-apex An inspection of the curves in figures 2 and 3 in LIJND and KENYON'S paper (13) and in figures 3, 4, and 7 of MARSH'S paper (20) , which represent the distribution of E.M.F. over longer regions than the root-apex itself, shows that the occurrence of a sintgle unidirectional gradient of E.M.F. is the rule in the length of 6 + mm. designated in this paper as the root-apex.
Mlany similar determinations of the distribution of potential over the root made by the present writers confirm this conclusion.
The magnitude and form of the curve representing the single gradient in the root-apex are specific for each root. Six such gradients of potential differences in six different roots are illustrated by curves la, 2a, 3a, 4a, 5a, and 6a in figure 5 . The gradients were determined in the usual manner by moving the electrode contact at the apex by increments of 1 mm. toward the basal contact. In the roots corresponding to curves 4a, 5a, 6a, the basal electrode contact was fixed at a position 6 mm. from the tip; in the roots corresponding to 2a and 3a it was fixed at 5 mm.; and to la, at 4 mm. from the tip. Individual variations in the single gradient characteristic of the root-apex are apparent. Curve 5a shows that a point 2 mm. from the tip is electronegative to relatively more basal points, thus producing a small dip in the gradient which indicates the presence of inverted component electric polarities. Similar inverted regions appear in some of the other curves. The form of the gradient would probably appear in more detail if readings were made at intervals of 0.2 mm. instead of 1 mm. The observed aradient of potential of the root-apex is a resultant E.M.F. which expresses the algebraic sum of the E.M.F.'s of individual cells. This does niot exclude the possibility of a complex pattern of cellular E.M.F.'s within the root-apex which probably involves series and parallel arrangements of the cells.
The uniformity of results observed whenever the apical end was exposed to changes in oxygen concentration, and the variability of the curves obtained when either the basal end or the intervening region alone was simi-larly exposed, are related to detailed variations of the distribution of E.M.F. per unit length of the root. A sufficiently large diminution of an inverted component E.M.F. would appear as an increase in the resultant E.M.F. of the gradient. The facts established by the preceding sets of experiments lead to the conclusion that if all the regions of the root-apex were simultaneously exposed to equal change in oxygen concentration, unequal change in regional E.M.F.'s and in the resultant E.M.F. would appear; and furthermore, the generalized nature of the composite curve which would result under these conditions would be determined by the relatively greater changes in apical component E.M.F.'s. Figure 4 , E shows the arrangement in a series of experiments of this nature. Curves la, 2a, 3a, 4a, 5a, and 6a, when the electrode chamber (cf. fig. 1 ) was filled with moist air; curves lb, 2b, 3b, 4b, 5b, and 6b, when hydrogen was passed continuously through the electrode chamber; and curves le, 2e, 3e, 4e, 5c, and 6c, when oxygen was passed continuously through the electrode chamber. The diagrams of the roots below the curves are drawn to scale on the abscissa. Arrows at the apex indicate position of positive electrode. The three arrows at the base indicate the exact positions of the negative electrode which was stationary at different distances from the tip in the different experiments. Corresponding to curves la, 2a, and 3a; and 4a, 5a, and 6a, the basal electrode was fixed as shown at 4, 5, and 6 mm. respectively from the tip.
The distance of the basal electrode contact from the contact at the tip was not the same in all the experiments. Hydrogen and oxygen were passed through the electrode chamber. The curves for different roots were essentially alike. Curve 4, figure 4 , is typical. Itl this experiment the electrode contacts were 6 mm. apart. In hydrogen an initial relatively large drop of total E.M.F. was followed by a rise and finally a decrease, with the potential difference maintained at a low level. Recovery occurred when pure oxygen was substituted for hydrogen and the conspicuous rebound effect appeared (cf. with curves 1, 2, 3, and 8, 9, 10 of figure 3 ). It is evident that equal and simultaneous change in oxygen concentration changes the localized E.M.F.'s unequally. This would necessarily modify the distribution of E.M.F.'s per unit length which constitute the resultant gradient. The gradient of electric polarity would be different in an atmosphere of air, an atmosphere devoid of oxygen, and an atmosphere of pure oxygen. This conclusion is tantamount to the statement that the oxygen concentration around the root determines to a large degree the characteristic magnitudes of E.M.F. 's per unit length.
In each experiment, when the root-apex exhibited a relatively stable potential difference in (a) air, (b) hydrogen, and (c) oxygen, the distribution of potential difference was determined by the customary method of moving the apical electrode. The position of the breaks (a, b, and c) in curve 4, figure 4, indicates the intervals during which the gradients shown by curves 4a, 4b, and 4c in figure 5 were determined. Curves of the gradients determined in five similar experiments on five different roots are also given in figure 5 . Curves 4a, 4b, and 4c show that the gradient was inverted in hydrogen with the apical end electronegative to more basal regions, and that it was displaced to a lower level of potential difference; in oxygen the gradient not only righted itself but also manifested a greater total E.M.F. The dip in each of the curves 4a and 4b, which indicates the existence of components with inverted polarity, disappeared in curve 4c. Gradients corresponding to curves la, lb, lc, and 6a, 6b, 6c displayed changes practically identical with those exhibited by curves 4a, 4b, and 4c. In hydrogen each gradient was inverted, the apical end became electronegative to relatively more basal regions, and the whole gradient shifted to a lower value; in oxygen each gradient righted itself and curve 6c shows that the corresponding gradient manifested a higher E.M.F. Gradients corresponding to curves 2a and 3a were flattened in hydrogen and became steeper in oxygen with the apical end more highly positive than at any previous period. All the curves in figure 5 obtained by this procedure show that the component parts of each gradient were affected unequally by equal change in oxygen concentration, and that the component E.M.F.'s associated with the tissues in the apical end were displaced to a relatively greater degree than were component E.M.F.'s in the other tissues of the root-apex. An atmosphere of hydrogen tends to make the ends of the gradient more alike; oxygen more unlike. Hydrogen tilts the gradient in a direction opposite to that characteristic of the root-apex in air; oxygen tilts it back to a steeper form. The form of the gradient at any one instant is determined by the concentration of oxygen at that instant.
The curves in figure 5 also throw light on the nature of the phenomena which determine the character of curve 4, figure 4 . The initial drop in curve 4 (in hydrogen) is explained by the fact that introduction of hydrogen into the electrode chamber depressed the local polarity potentials in the apical region more than the local polarity of other regions. The high positive potential of the apical end disappeared and the apical end became temporarily electronegative to relatively more basal regions. The rise in the curve in hydrogen is due to the depression of inverted constituent E.M.F.'s and the relatively slow depression of basal components. Finally depression of all the component E.M.F.'s and the relatively greater depression of apical components produced a flattened or inverted gradient and hence a second drop in the curve in hydrogen as shown. In the absence of such definite information as in the foregoing, the initial inverted bayonetlike part of the curve which occurs when oxygen is admitted to the chamber might be explained by either (a) a sudden increase in positivity at the basal end, or (b) a sudden decrease in the apical end. The results indicate that (a) is probably the correct interpretation. Curve 4 shows that the duration of this abrupt change was short. It was followed by a greater increase in positivity in the apical regions than in the basal regions, replacing the gradient to its previous slope in air and manifesting the characteristic rebound. During the rebound the slope assumed its greatest value. At the end of the period in oxygen it was less steep but as a rule the slope was greater than that exhibited by the gradient of the root in air, as the curves in figure 5 show.
The results from this set of experiments, exposing the whole root-apex to change in oxygen concentration, corroborate the conclusions based upon the preceding sets of experiments, in which local regions only were exposed to change in oxygen tension. The effects on the young tissue at the apical end are relatively and absolutely so large in magnitude that they determine the character of the resultant polarity potential of the whole. This illustrates what may properly be called an electrical dominance of the apex. Absence of significant change in total E.M.F. when oxygen concentration is changed in region outside of electrode contacts In several of the preceding sets of experiments the hydrogen and oxygen were passed directly into the electrode chamber exposing the whole root and bulb. A sixth set of experiments was therefore carried out in order to determine whether the observed modifications of E.M.F. in hydrogen and oxygen were linked with changes in parts of the root not included in the region between the electrode contacts.
The position of the contacts and jacket is shown in figure 6 (diagrams F and G). The gases were passed through the jacket. Curves 1 and 2 in figure 6 show the results when the chamber was placed as illustrated in the diagrams (F and G). The curves show no significant changes in E.M.F. in hydrogen and oxygen; neither did curves obtained when the periods of exposure were increased to 1-hour intervals. It is evident that the observed changes in E.M1F. concurrent with changes in oxygen concentration were due to changes in E.M.F. in the cells at and between the electrode contacts, and not to changes in neighboring cells. The experiments therefore indicate that the local changes in E.M.F.'s produced by change in oxygen tension are not transmitted in the ordinary sense of conduction of excitation, within the period of the experiments. 
Discussion
The preceding evidence, together with previously published facts on the respiratory exchange, conclusively establishes the fact of a quantitative linkage between electric polarity and respiration in the root-tip.-That region which manifests the greatest magnitude of change in its regional polarity potential is the same region which exhibits the highest positive potential, the largest output of carbon dioxide production and oxygen consumption, the greatest capacity for methylene blue reduction, the highest concentration of sulphydryl groups, and the region in which visible structural differentiation is at a minimum. These facts furnish a complete chain of evidence that morphological, functional, and electrical polarities are interrelated phenomena associated with the oxidative metabolism and with specific differences in the oxidative mechanisms of young and old tissues.
The reversible inhibition of polarity potentials in the root-apex produced by the absence of oxygen is similar to the reversible inhibition of electric polarity in the stem of Obelia and in frog skin produced by cyanide, ether, and chloroform (12, 16) . In the root-apex and in Obelia the percentage depression of E.M.F. was greater in the apical region than in the basal region. LUND (15) found that the electric polarity of frog skin was 41 PLANT PHYSIOLOGY changed by equal changes in oxygen tension on the two sides of the skin. As in the root apex, an oxygen deficit decreased the potential difference and exposure to high oxygen concentration increased the difference. Reversible effects were observed in frog skin but the electric polarity was never completely inverted as in the root-apex.
The characteristic rebound in E.M.F. which occurs when (a) the whole "root-apex" or (b) the apical end only is exposed to oxygen after a period in its absence, is similar to the rebound effect which has been observed in the E.M.F. of frog skin when the oxygen concentration was changed from a low to a high value (15) , and the E.M.F. of Douglas fir when the temperature was restored to its original value after a period of exposure to low temperature (18, 19) . Furthermore, the rebound effect is also similar to the increase in velocity of oxidation, observed by a number of investigators, when certain tissues and organisms were exposed to oxygen after a period in its absence; nerve (6, 5) , muscle (5), tomato fruits (7), Planaria (11) , and luminous bacteria (25, 8) . GuSTAFSON (7) also found that, in a given tomato fruit, the magnitude and continuance of increased velocity of oxidation when air was reintroduced into the chamber were dependent upon the length of the period of exposure to pure hydrogen or pure nitrogen. Although-he makes no mention of it, his data show that the greatest increase in velocity of oxidation is associated with the younger green fruits as compared with the increase in respiratory activity of older pink or red-ripe fruits. These rebound phenomena in the velocity of oxidation are obviously to be explained by an accumulation of oxidizable substances during the periods in absence of oxygen or in low oxygen tension, and their increased rate of removal by oxidation upon readmission of oxygen. In such systems the ratios are clearly subject to change by change Ox "C in the concentration of oxygen. The general occurrence of a rebound effect in the velocity of cell oxidations and the rebound effect in the E.M.F.'s under corresponding conditions of change in oxygen tension leads directly to the conclusion that the mechanism which controls the velocity of cell oxidation also controls the magnitude of the cellular E.M.F.'s. The gradient of the distribution of cellular E.M.F.'s per unit length, which is an expression of gradation in the rate of output of electric energy quantitatively associated with corresponding differences in velocity of oxidation and structural differences, is distinctly modified by change in oxygen tension. Under the experimental conditions which obtained in this investigation its slope was greatest in oxygen, less in air, and almost obliterated or inverted in hydrogen.
Up to the present the only complete and satisfactory explanation of the experimental results is furnished by LUND'S flux equilibrium theory of bioelee-tric currents and cell oxidation which has been fully developed in a recent paper (17 (17) which showed that the increase in velocity of oxidation in apical halves of the stem was always proportionately greater than the increase in oxidation in basal halves caused by the same increase in oxygen concentration, and that there was a higher concentration of sulphydryl groups in the apical end. Finally, the conclusion that the effective concentration of oxidizable substance (or system) AH2 is proportionately 2 Oxidation-reduction potentials are not, of course, the only means by which differences of potential are, or may be, established in living cells, and the flux equilibrium is not the only type of electrochemical equilibrium which may exist in the cell; but it is the only type thus far considered in the literature of electrophysiology which can maintain in a direct manner a continuous output of electric energy. The theoretical requirements of the electrochemical equations which express the relation of the observed maintained E.M.F.'s to the velocity of cell oxidation are given by LUND (17) . The facts derived from the present investigation on the root tip, which is a polar tissue, specifically satisfy these requirements and therefore furnish direct evidence of the validity of the flux equilibrium concept.
The experimental results appear to be of vital significance for cell dynamics and structural differentiation. Very direct evidence for this has been found in experiments on the effect of applied electric currents, now in progress. The polar tissues of the root are constantly generatingr electric energy, and the flux equilibrium is a state maintained, at least in part, by the relations between the intake of oxygen and the concentration of available substances for oxidation in the individual cells. The structural differentiation of the cells and tissues has associated with it an electrical differentiation. The facts show that this is primarily a difference which depends for its significance upon the intensity factor of cell oxidation as expressed by oxidation-reduction potentials at oriented loci. There is an orientation of energy output in cells of polar tissues, and the observed E.M.F. expresses the algebraic summation of local forces. In low oxygen concentration the observed output of electric energy is diminished, in high oxygen concentration it is increased. Continuously maintained oxidationreduction potentials are an expression of metabolic activities associated with output of electric energy, and from this it may be concluded that oriented electrometabolism is characteristic of polar tissues.
It is well known that oxygeni is necessary for the proper functioning of roots. Its absence inhibits growth, modifies cell division, and affects geotropic curvature. 3 It has been shown that the amount of available oxygen is also related to the rate of absorption of water and solutes by roots (10, 23, 24, 9) . It is highly probable that the energy required for one or more of these oriented processes is derived to greater or lesser extent from the oriented continuous bioelectric currents in the root.
